Aplysia californica is an important mollusc for neurobiological research and Megathura crenulata is becoming valuable as the source of keyhole limpet haemocyanin (KLH) which shows promise in treating cancer, allergy and immunosuppression. The culture of these animals provides opportunities to assess their physiological responses to stress and disease. Molluscan haemocytes are known to be involved in a variety of physiological responses, yet the haemocytes of this opisthobranch and vetigastropod have not been characterized. The purpose of this study is to describe the morphology of these cells and summarize their functions based on a suite of assays previously developed on other species of molluscs. Using morphology, differential centrifugation and staining reactions, we identify a single type of circulating haemocyte in the blood of both animals. All haemocytes lack granules and contain glycogen and vesicles that react as lysosomes. In A. californica, three to four wing-like lamellipodia extend from the ovoid cell body, whereas in M. crenulata haemocytes are simple ovoid cells. The haemocytes are actively phagocytic and rates of phagocytosis are higher when the assays are performed in the presence of plasma, relative to tests with washed cells. When haemocytes engulf yeast, peroxidase and superoxides are produced. Phenoloxidase activity was not detected. When blood is removed from these molluscs, the plasma does not clot and the haemocytes rapidly adhere to one another in suspension, or settle on substrates, migrate and form nodules. Cell spreading and aggregation involves microfilaments and microtubules, and can be inhibited by EDTA, cytochalasin B, caffeine and, to a lesser extent, RGD and colchicine. All cells show immunoreactivity against a polyclonal antibody to ACTH which is consistent with previous studies suggesting molluscan haemocytes contain molecules similar to those involved with vertebrate stress responses. These results should be useful in future studies evaluating the physiological status of these animals in the wild and in culture.
INTRODUCTION
Molluscan haemocytes are involved with a variety of important physiological processes including recognition and elimination of foreign materials, shell repair, wound repair, nutrient distribution and excretion (Armstrong et al., 1971; Cheng, 1984; Pollero, Huca & Brenuer, 1985; Chen & Bayne, 1995; Mount et al., 2004) . Haemocytes also serve a role in the molluscan stress response involving endocrine molecules shared with the vertebrates (Ottaviani, Franchini & Fontanili, 1992; Ottaviani & Franceschi, 1996) . An understanding of the types and functions of haemocytes in molluscs under natural ambient conditions is essential in studying basic cell responses to the following three variables: (1) environmental change (Fisher, Auffret & Balouet, 1987; Fisher & Tamplin, 1988; Fisher, Chintala & Moline, 1989; Burge, Saito & Friedman, 2002; Pamparinin, Marin & Ballarin, 2002) ; (2) handling of the animals (Malham, Coulson & Runham, 1998; Ballarin, Pampanin & Marin, 2003; Malham et al., 2003) ; and (3) infections (Beckmann, Morse & Moore, 1992; Ford, Kanaley & Littlewood, 1993; MatriconGondran & Letocart, 1999; Canesi et al., 2002; CochennecLaureau et al., 2003) . However, the types of haemocytes in molluscs, as well as their specific functions, are not fully understood. In this context, most studies have been performed on bivalves (see Cheng, 1984; Jing & Wenbin, 2003) with the relatively little work on gastropods being done mainly on pulmonates Luchtel et al., 1997; Matricon-Gondran & Letocart, 1999) , with little on opisthobranchs (Pauley, Krassner & Chapman, 1971b; Gosliner, 1994) and other gastropods (Armstrong et al., 1971; Kumazawa et al., 1991; Martello, Friedman & Tjeerdema, 2000; Serpentini et al., 2000; Malham et al., 2003; Poncet & Lebel, 2003) .
Classification of gastropod haemocytes has been based on light and electron microscopy (Adema, Harris & Van Deutekom-Mulder, 1992) , differential centrifugation (Adema et al., 1994) , flow cytometry (Cossarizza et al., 2005) , lectin and antibody binding (Yoshino & Granath Jr., 1985; Dikkeboom, Tijnagel & van der Knaap, 1988b) , and functional studies (Cheng, 1984) . One or two types of haemocytes are commonly described (Voltzow, 1994) . Agranular cells, or hyalinocytes, have a high nuclear-to-cytoplasmic ratio, few (if any) cytoplasmic granules and a poor ability to phagocytose foreign materials. In contrast, granulocytes contain cytoplasmic granules, have a low nuclear-to-cytoplasmic ratio and are effective in phagocytosing foreign materials. Cheng (1975) demonstrated that apparently different types of haemocyte (e.g. hyalinocyte or granulocyte) may actually represent the same type of cell during different functional or maturational stages. Therefore, it is not clear if the variety of haemocytes described in the literature represent distinct cell lineages, differences in the maturation and/or physiology of the haemocytes, or variations in the techniques being applied.
In this paper, we characterize the circulating haemocytes in representatives of two poorly studied taxa of gastropods: an opisthobranch, the sea hare Aplysia californica, and a vetigastropod, the giant keyhole limpet Megathura crenulata. The sea hare was selected because it is a model organism for neurobiological research on memory and learning (Kandel & Schwartz, 1982; Clatworthy & Grose, 1999; Farr et al., 1999; Brembs et al., 2002) . Work on this mollusc has also provided insights into the interplay of chemicals between the nervous and endocrine systems which may mediate the stress response and internal defence system in a manner similar to the vertebrates (Ottaviani, Franchini & Fontanili, 1992; Ottaviani & Franceschi, 1996) . The giant keyhole limpet was selected because its respiratory pigment, KLH (keyhole limpet hemocyanin), shows promise in the clinical treatment of cancer, allergy and immunosuppression (Nestle et al., 1998; Diaz-Sanchez et al., 1999; Harris & Markl, 1999) . Both of these animals may be cultured, thereby providing opportunities to compare haemocyte parameters (1) between wild and cultured animals, and (2) following experimental manipulations of these animals in culture. The purpose of this paper is to describe the structure and function of haemocytes in these two species using a suite of procedures developed for other molluscs. This information should be important for comparative studies on molluscan haemocytes. It will also provide baseline information that may assist in the assessment of the health of these animals in the wild and in culture. 
MATERIAL AND METHODS

Collection and maintenance of animals
Blood collection and assays
Blood was collected aseptically from the haemocoel along the right side of the head of A. californica (to avoid the ink sac) using a 1-ml syringe and a 26-gauge needle. Blood from M. crenulata was collected by cannulization of the buccal sinus following the method described in US patent # 6,852,338 B2. Total haemocyte counts (haemocytes/ml) were made on undiluted blood using a brightline haemocytometer. Blood protein levels were determined with a Bradford assay, using bovine serum albumin (BSA) as a standard.
Extracted blood from both species did not clot when observed over 1 h at room temperature. To test for more subtle changes associated with coagulation or clotting we followed the technique of Valembois, Roch & Lassegues (1988) . Changes in the opacity of 1 ml of blood were monitored at 600 nm using a Beckmann DU640B spectrophotometer. Blood proteins were examined using transmission electron microscopy (TEM) by floating an EM grid (covered with a carbonized film) on drops of blood for 30 min. Excess fluid was removed from the grid and the adhering material negatively stained with 2% solution of disodium phosphotungstate (pH 7.0). Preparations were viewed with the Zeiss EM 109 TEM. Haemocyanin was also observed directly in thin sections examined by TEM.
Haemocyte separation by differential centrifugation
Haemolymph (1 ml) was mixed with 0.1 ml of 30 mM EDTA in 0.5 mM NaCl to inhibit nodule formation and added to a 15 ml tube containing 1 ml layers of each of the following concentrations of metrizoic acid (Sigma; from bottom to top: 100, 40, 37.5 and 35% prepared with 0.5 mM NaCl). Further subdivisions did not change the results presented below. Preparations were centrifuged at 600 rpm for 10 min and cell bands were recovered for subsequent examination.
Basic morphology of circulating haemocytes
For rapid examination of haemocytes by light microscopy (LM), 20 drops of blood were mixed with 10 drops of glutaraldehyde fixative (3% glutaraldehyde in 0.1 M sodium cacodylate (pH 8.1) containing 12% glucose). Then 1 -10 drops of methylene blue (0.25% in water with 0.25% borax) were added, and samples pipetted onto glass slides for examination. Cytological stains were more useful on monolayer preparations where haemolymph was applied to glass slides and the haemocytes given 10 -30 min to settle, adhere and flatten. In most cases, pre-treatment with poly-L-lysine (Sigma 5 mg/ml) was not required to keep cells attached to the slides during these procedures. Preparations were then rinsed in phosphate-buffered saline (PBS: NaCl 8 g/l, KCl 0.20 g/l, KH 2 PO 4 0.20 g/l, Na 2 HPO 4 1.14 g/l, pH 7.3), fixed for 10 min with neutral-buffered formalin (NBF) or glutaraldehyde fixative followed by routine staining with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS; with and without prior amylase treatment), and alcian blue (Humason, 1972) .
For TEM, haemolymph was mixed with an equal volume of glutaraldehyde, the haemocytes were pelleted and resuspended in fresh fixative for 3 h. Following a wash in 0.1 M sodium cacodylate with 24% sucrose, cells were pelleted and postfixed in 1% OsO 4 in 0.1 M sodium cacodylate for 1 h, stained en bloc in 3% uranyl acetate in 0.1 M sodium acetate buffer, dehydrated through a series of ethanol dehydrations, and infiltrated and embedded in Spurr's (1969) plastic. Thick sections (1 mm) were stained with methylene blue and thin sections (70 nm) were stained with lead citrate, and examined by TEM. Haemocytes to be examined by scanning electron microscopy (SEM) were processed as for TEM until completely dehydrated. Cells were then soaked in hexamethyldisilazane (Pella, 10 min), air dried, mounted on stubs, coated with gold and examined in a Cambridge Stereoscan 360 SEM.
Actin and tubulin in haemocytes were identified using fluorescence probes. To visualize actin filaments, haemocytes were fixed for 15 min in a solution containing 4.5% paraformaldehyde and 1.25% glutaraldehyde. Cells were washed in PBS, incubated in 0.285 M NH 4 Cl for 10 min to block reactive sites, soaked in PBS containing 0.1% Triton X-100 for 5 min to permeabilize membranes and then washed again in PBS. Cells were stained 1 h in phalloidin-FITC (Sigma) at a final concentration of 0.1 mg/ml, washed in PBS, mounted in anti-fade medium (90% glycerol, 10% PBS (pH 8.1) containing 1 mg/ml p-phenylene diamine) and examined by fluorescence microscopy. To label microtubules, cell monolayers were fixed as for actin, washed in PBS containing 1% Triton X-100 and incubated for 1 h in monoclonal mouse anti-alpha-tubulin antibody (Sigma) diluted 1:1000 with PBS containing 0.5% BSA. After washing in PBS containing 0.1% Triton X-100 and BSA, the haemocytes were incubated overnight with a FITC labelled goat anti-mouse secondary antibody (Sigma) diluted 1:100 in PBS. Following further washes in PBS, cells were mounted on glass slides with the anti-fade solution and examined by fluorescence microscopy.
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Cytochemical stains and reactions
Cells were tested for phenoloxidase activity by fixing monolayers in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 20 min. Preparations were then rinsed in buffer, incubated in 0.1% L-DOPA overnight, rinsed and examined by LM. Phenoloxidase activity in blood samples was also assessed spectrophotometrically according to the method of Smith & So¨derha¨ll (1991) . Haemocytes from blood (1 ml) were pelletted and homogenized in 200 ml of cacodylate buffer (CAC; 0.01 M sodium cacodylate, 0.45 M NaCl, 10 mM CaCl 2 . 6H 2 0 and 26 mM MgCl 2 . 2H 2 O) and cell debris was removed by centrifugation. CAC buffer (200 ml) with 0.1% trypsin was then added to 200 ml of cell lysate or 200 ml of plasma and incubated for 30 min. Then 200 ml L-DOPA (3 mg/ml in CAC buffer) was added. Just before the readings, an additional 600 ml of CAC was added, and the reaction monitored in a spectophotometer (490 nm) against a blank containing CAC, L-DOPA and trypsin. Changes in activity over 10 min were recorded.
Lysosomes were identified using two techniques. Cellular sites of acid phosphatase were localized on haemocytes using a Sigma acid phosphatase, leukocyte (TRAP) kit (387-A), following the manufacturer's instructions. Lysosomes were also identified in living cells by their incorporation of neutral red dye (Bayne, Moore & Koehn, 1981) . For the latter test, 100 ml of haemolymph was added to a glass slide and mixed with 100 ml of a solution containing 50 mg/ml of dye in 0.5 mM NaCl. Cells were observed for the next hour. Levels of lysozyme in the haemolymph were assessed according to the procedure of Cheng et al. (1975) . Blood (3 ml) was divided into two and a total haemocyte count was determined. To the control sample, 100 ml of 0.5 mM NaCl was added; the experimental sample received 100 ml of 0.5 mM NaCl containing bacteria (Bacillus cereus, overnight culture in nutrient broth) such that there were 200 bacteria per haemocyte. Samples were incubated for 30-60 min and the haemocytes pelleted by centrifugation. To measure lysozyme activity, plasma (100 ml) from control or experimental samples was added to 2.9 ml of a reaction mixture containing Micrococcus lysodeikticus (9 mg) in 30 ml of 0.1 M potassium phosphate buffer (pH 7.0), and the change in absorbance at 450 nm was measured spectrophotometrically for 10 min.
Haemocyte monolayers were also stained with a polyclonal antibody for adrenalcorticotropic hormone (rabbit anti-human ACTH, Dako) according to the method of Ottaviani et al. (1990) and instructions from Dako. Haemocytes were incubated 5 min with H 2 O 2 to quench endogenous peroxidase. Slides containing haemocytes were then processed either with or without fixation for 10 min in either 10% NBF or 100% ethanol. Following a rinse in PBS, haemocytes were incubated in primary ACTH antibody for 30 min, rinsed, and the bound primary antibodies were visualized using a detection kit (Dako LSAB2). After a final rinse in PBS, cover slips were added and the slides examined by LM.
The ability of haemocytes to phagocytose foreign particles was assessed by adding yeast (final concentration 7.5 Â 10 5 / ml in PBS) to a monolayer of haemocytes. After 1 h at room temperature, haemocytes were examined by LM to determine the percentage of cells that had ingested particles. The possible role of plasma proteins serving as opsonins was tested by comparing these results with the same phagocytosis assay but using haemocytes washed and resuspended in PBS. A similar preparation was used to test for peroxidase in haemocytes phagocytosing yeast using a peroxidase leukocyte kit (390A) from Sigma, and the production of superoxides according to the procedures of Dikkeboom et al. (1988a) . For the latter, monolayers of haemocytes were incubated in a solution containing yeast and nitroblue tetrazolium. Control slides consisted of incubations in which yeast was omitted or in which the specific superoxide scavenger superoxide dismutase (SOD, 0.5 mg/ ml) was included.
Cell spreading and nodule formation
Haemolymph was added to glass slides and the time taken for cells to attach and spread was monitored over 2 h using brightfield and phase-contrast optics on an inverted microscope. Trypan blue (final concentration 0.1%) was mixed with haemolymph to determine the percentage of dead cells during these procedures.
Although the blood from the two molluscs did not coagulate, haemocytes contacting one another in suspension rapidly adhered to each other and formed nodules. Cells on glass slides also migrated to form nodules. To test the ability of several compounds (prepared in 0.5 mM NaCl) to affect cell spreading and aggregation, 50 ml of blood was mixed with 5 ml of test chemicals, placed on glass slides and observed for 30 min, by which time maximum cell spreading and nodule formation had normally occurred. The following chemicals, shown to be effective in previous studies (Bryan et al., 1964; Chen & Bayne, 1995; Davids & Yoshino, 1998) , were tested: caffeine (25, 50 mM), NEM (N-ethyl-malemide; 2, 0.2 mM), EDTA (30, 60 mM), cytochalasin B (1, 5mg/ml), colchicine (2, 20 mg/ml) and the peptide RGD (Sigma; argenine-glycine-asparagine; 2 mM); 0.5 mM NaCl served as the control.
RESULTS
Haemolymph assays
Blood from Aplysia californica sampled in the field and after two weeks in the laboratory had a mean total haemocyte count (THC: mean + SD) of 1.19 Â 10 5 + 0.70 Â 10 5 and a mean blood protein concentration of 0.25 + 1.2 mg/ml. For Megathura crenulata, the mean THC + SD was 10.02 Â 10 5 + 0.62 Â 10 5 and the average protein concentration was 19.58 + 6.35 mg/ ml. Haemolymph extracted from neither mollusc formed a clot, even after 24 h at room temperature. Also, haemolymph taken from 15 individuals of each species showed no change in absorbance over 4 h at 600 nm.
Plasma tubules
TEM of haemocyte pellets and negative-stained images of proteins adsorbed onto coated grids reveal haemocyanin (Fig. 1A) in both species and tubular filaments (23 -30 nm diameter) in A. californica ( Fig. 2A) , as previously described for M. crenulata (Harris & Markl, 1992) .
Basic morphology of circulating haemocytes
When haemolymph from either A. californica or M. crenulata was added to a gradient of metrozoic acid and centrifuged, a single band of haemocytes appeared at the boundary between the 35 and 37.5% solutions. Separations were performed on blood from five different animals for both A. californica and M. crenulata. Morphological examinations of 300 cells from each replicate revealed a single type of circulating haemocyte in both species. When examined by SEM (Fig. 1B) , haemocytes (n ¼ 200) from M. crenulata were ovoid to spherical, between 7 and 9 mm in diameter, and had an irregular surface. When observed by LM, these cells (n ¼ 800) appeared to have an ovoid nucleus (5 -6 mm diameter), 10 small (0.5 mm), dark mitochondria, and a few vacuoles in the cytoplasm (Fig. 1C) . By TEM (Fig. 1D) , the mitochondria appeared ovoid (5 Â 0.3 mm), were electron-dense and were initially mistaken for granules. RER formed an incomplete layer around the nucleus and in addition to the irregularly shaped large vacuoles around the periphery of the cell, the cytoplasm contained numerous small (0.2 mm) vesicles. The cytoplasm in the filopodia was dense and filled with microfilaments.
When examined by SEM, haemocytes (n ¼ 120) from A. californica (Fig. 2B) , appeared spherical (6-8 mm diameter) with 2 -4 wing-like lamellipodia, each up to 3 mm long. Haemocytes examined by LM (n ¼ 800) showed a spherical nucleus (5 mm diameter) with a punctuate pattern of heterochromatin (Fig. 2C ) and 1 -2 crescent-shaped, PAS positive areas (1 -4 mm diameter). TEM of 300 haemocytes revealed microfilaments in the lamellipodia, electron-dense mitochondria and two different patterns to the cytoplasm. In 30% of cells (Fig. 2D) , the cytoplasm appeared electron-dense and contained numerous small electron-lucent vesicles (0.2 mm diameter). In the majority of cells (70%; Fig. 2E ) the cytoplasm appeared less electrondense, strands of RER were common, mitochondria appeared abundant, and only a small number of electron-lucent vesicles were present. All haemocytes contained a large, irregularly shaped area containing material of moderate electron opacity. These areas were still present in haemocytes processed in fixative with a high osmolarity (20% glucose added to fix), suggesting it is not an artifact due to swelling. The spaces were common in haemocytes stained en bloc with uranyl acetate and absent when this stain was not used.
Cytochemical reactions and phagocytosis
The staining reactions were the same for haemocytes from both species; the nuclei stained with hematoxylin and the cytoplasm stained with eosin, was PAS positive (negative after amylase treatment), and did not stain with alcian blue. No phenoloxidase activity was detected either histologically using L-DOPA as a substrate, or when blood samples were monitored for melanin production spectrophotometrically. In five replicate experiments, where 100 haemocytes were assessed, all haemocytes in both molluscs reacted with a polyclonal antibody against human ACTH; no staining occurred in the absence of primary antibody. Nuclei and cytoplasm were stained in haemocytes of M. crenulata fixed with both NBF and ETOH, and in haemocytes from A. californica fixed with ETOH (Fig. 3A) . In A. californica haemocytes fixed with NBF, the cytoplasm was stained in all cells, but only 40% of the haemocytes had nuclear staining.
All haemocytes in both molluscs contained lysosomes. A general reaction was observed throughout the cytoplasm using the Sigma kit, while lysosomes in haemocytes incubated with neutral red dye showed lysosomes as distinct, ovoid bodies in the cytoplasm. In five replicate experiments, where 100 haemocytes from both species were examined, haemocytes from A. californica (Fig. 3B ) contained an average of 15 + 3.6 lysosomes (0.6 mm diameter), and those from M. crenulata (Fig. 3C) contained 10 + 5.3, larger (1.6 mm diameter) lysosomes. Lysozyme was not detected in fresh haemolymph or after blood was incubated for 30-60 min with bacteria.
When yeast was added to haemocytes cultured in haemolymph, the haemocytes settled onto glass slides, attached, flattened and engulfed the particles. After 2 h, 500 haemocytes from both species were examined. In A. californica and M. crenulata, 22 and 31% of the cells, respectively, contained yeast particles. When haemocytes were washed and incubated in 3% saline containing yeast, the cells were less effective at carrying out phagocytosis since only 7 and 10% of the haemocytes contained yeast after 2 h. The cytoplasm in haemocytes that phagocytosed yeast stained positive for peroxidase and superoxide production (Fig. 3D) . When haemocytes were mixed with yeast and kept in suspension for 30 min and then processed for examination by TEM, haemocytes formed nodules containing yeast within and between haemocytes; Figure 4A shows a small aggregate with one haemocyte extending lamellipodia around a yeast particle. Figure 4B and C show what we interpret as subsequent stages in the phagocytosis of the yeast. Once phagocytosed, vacuoles containing flocculent material form (Fig. 4B) presumably by the fusion of lysosomes with the food vacuole, the yeast is degraded beyond recognition (Fig. 4C) .
Cell spreading and nodule formation
Haemocytes from both species settled onto substrates, attached and flattened within 30 min (Fig. 5A, B) . Migrating cells adhered to one another and formed nodules (Fig. 5C) . Flattened cells had a central region containing the nucleus and organelles surrounded by a peripheral zone of cytoplasm which extended into the filopodia and lamellipodia and was devoid of organelles. After 60 min at room temperature, 300 haemocytes from both species were examined and only 2% of the cells in M. crenulta and 5% of the cells in A. californica had taken up trypan blue.
These cells were typically rounded, not flattened and weakly attached to the slides. Phalloidin staining of ovoid haemocytes in suspension showed actin filaments primarily in the lamellipoida of A. californica and in the filopodia of M. crenulata. After spreading on substrates, phalloidin staining was intense in the flattened cytoplasm and the lamellipodia (Fig. 5D ). Immunostaining of cells in suspension from both species showed tubulin in a ring around the nucleus. In spread cells, the ring of microtubules became incomplete and microtubules were also seen in the filopodia and lamellipodia (Fig. 5E) .
Haemocyte spreading and nodule formation were examined after 30 min incubations with various compounds. One hundred cells were examined in each of five replicates for both species. When treated with caffeine (Fig. 6A) , cytochalasin B (Fig. 6B) or NEM, nodule formation was inhibited and the individual cells attached to the glass slides retained the ovoid shape seen in suspension and there were few cell extensions. Aplysia haemocytes lost their wing-like extensions. In the presence of EDTA, cells elongated and became spindle-shaped but few aggregations formed (Fig. 6C ). Colchicine and RGD also inhibited haemocyte spreading and nodule formation, however at a lesser degree. After 30 min, numerous small aggregates had formed. Examination of the cells that were not included in nodules showed that half remained spherical and half flattened. Both types showed a small number of filopodia extending to the substrate.
DISCUSSION
The results of our study show that the haemolymph and haemocytes of the opisthobranch Aplysia californica and the vetigastropod Megathura crenulata possess many of the same features as have been reported in more thoroughly studied molluscs. The haemolymph of both species contains opsonins which facilitate phagocytosis of foreign material (see Pauley, Krassner & Chapman, 1971b; Canesi et al., 2002) , and an agglutinin has been reported in the blood of A. californica (Pauley, Granger & Krassner, 1971a) . Phenoloxidase was not detected in either mollusc which agrees with the results of Smith & So¨derha¨ll (1991) . However, this enzyme has been found in the haemolymph and granules inside bivalve haemocytes (Cole & Pipe, 1994) , as well as portions of the reproductive tract in gastropods (Bai et al., 1997) . The plasma in both A. californica (present study) and M. crenulata (Harris & Markl, 1992) contains proteins which form tubular helical filaments of unknown function, as have been described in the gastropod Biomphalaria glabrata Matricon-Gondran & Letocart, 1999) . Like other molluscs (Muta & Iwanaga, 1996) , the blood of A. californica and M. crenulata does not clot. It has been suggested (Harris & Markl, 1992) that the polymerization of these filaments may serve as a type of coagulation system and reduce the loss of haemocytes and haemocyanin during wound healing.
Based on morphological and functional criteria, both A. californica and M. crenulata contain a single type of haemocyte. The most striking difference between haemocytes of the two molluscs is that haemocytes of A. californica are spherical cells each with 2 -3 wing-like lamellipodia, whereas those of M. crenulata are simply ovoid. At the LM level, haemocytes in both species show a central nucleus, spaces in the cytoplasm which are PAS positive (negative following amylase treatment), and 10 -15 lysosomes (0.6 -1.6 mm in diameter) which take up neutral red dye. Since organelles of this size were not seen using TEM, we suggest the larger dyed bodies form by the fusion of cytoplasmic vesicles (see below). As observed by TEM, the cytoplasm of haemocytes in A. californica contains a large electron-lucent area when stained en bloc with uranyl acetate during the fixation process. These areas are eliminated or reduced when this incubation is omitted suggesting that they are areas of glycogen accumulation which are dissolved by the acidic stain (Rybicka, 1996) . At the TEM level, the cytoplasm in haemocytes of A. californica shows two variations. Approximately 70% of the cells have a relatively lighter cytoplasm, and contain electron-dense mitochondria and a small number of vesicles. In a minority of cells (30%), the cytoplasm is more dense and filled with numerous vesicles. Because all cells show the same basic staining patterns by LM and produce similar results in the functional assays, we regard the two cytoplasmic patterns seen with TEM to be due to variations of a single type of haemocyte. At the TEM level, the cytoplasm in haemocytes of M. crenulata is filled with vesicles like the cytoplasm of the minority variety of cells in A. californica. None of the haemocytes in A. californica or M. crenulata had the appearance of granulocytes described for other species of molluscs in which the cytoplasm is filled with electron-dense granules.
Staining and functional tests on the haemocytes of A. californica and M. crenulata indicate that they are well equipped to process foreign materials entering the blood. Both A. californica and M. crenulata possess numerous lysosomes and appear to generate reactive oxygen compounds (ROS, peroxidase) after phagocytosing yeast (see for discussion of these reactions). The secretion of lysozyme into the plasma by haemocytes exposed to bacteria was not observed, supporting earlier findings .
Phagocytosed material that is not completely degraded may be carried by migrating haemocytes and eliminated via the epithelium (see Pauley & Krassner, 1972) . The ability of circulating haemocytes to migrate through tissues and form nodules around foreign particles highlights the importance of their adhesive and motility systems. In culture, haemocytes of M. crenulata and A. californica flattened, extended filopodia, migrated and formed aggregations within 30 min. TEM and fluorescence microscopy demonstrated the presence of both microfilaments and microtubules in haemocytes of both species, and cytochalasin B and colchicines inhibited the aggregation of haemocytes. Several other chemicals, which were shown to inhibit haemocyte migration and aggregation in other molluscs (Bryan et al., 1964; Chen & Bayne, 1995; Davids & Yoshino, 1998) , proved effective with haemocytes of M. crenulata and A. californica. EDTA was most effective in preventing cell aggregation, suggesting a calcium requirement for migration. Caffeine, cytochalisin B and NEM were less effective than EDTA in preventing cell aggregations and most of the haemocytes remained free and rounded (for a discussion of possible mode of action for these chemicals see Bryan et al., 1964; Chen & Bayne, 1995; Davids & Yoshino, 1998) . These drugs inhibited haemocyte spreading on glass slides and few filopidia were observed even after 30 min of incubation. The peptide RGD, which competitively blocks adhesion sites, inhibited nodule formation to a lesser extent than the other chemicals but still reduced nodule formation compared to controls. These observations agree with the finding of Bryan et al., 1964 , studying haemocytes in B. glabrata, but differ from Chen & Bayne, 1995 who found that RGD had no effect on haemocytes of Mytilus californianus. These results may help future work where individual cells, and not aggregations, need to be studied. A final result of our study was that all haemocytes from A. californica and M. crenulata stained with a polyclonal antibody to human ACTH, a reaction previously shown for haemocytes of the pulmonate gastropod Planorbarius corneus by Ottaviani et al. (1990) . The actual ligands bound by the heterologous anti-ACTH antibodies have not been characterized in molluscs and therefore caution needs to be exercised when interpreting these results. However, other molecules associated with the vertebrate stress response (b-endorphin, noradrenaline, dopamine, TGFb1, IL-6 and 5HT) have been demonstrated in the blood and haemocytes of molluscs (Ottaviani et al., 1990 Franchini, Kletsas & Ottaviani, 1996; Farr et al., 1999; Lacoste et al., 2001) . The method of fixation had no affect on ACTH reactivity in haemocytes of M. crenulata. However, in A. californica all haemocytes fixed with ETOH showed staining in the nucleus and cytoplasm whereas of those fixed with NBF, the cytoplasm stained in all cells but only 40% of the cells showed nuclear staining. Differential staining of haemocyte subpopulations with polyclonal antibodies has been demonstrated in other molluscs (GrimmJørgensen, 1987; Ottaviani et al., 1990; Hughes et al., 1991; Farr et al., 1999) .
Results from light and electron microscopy studies suggest that a single type of haemocyte is present in many species of mollusc, including the two characterized in this paper, while antibody staining suggests possible subdivisions. Are such subdivisions really distinct types of haemocytes or haemocytes in different stages of activity? Molecular techniques and studies identifying stem cells and lineages should provide answers to this question. Until this challenge is resolved, we hope our characterization of haemocytes in A. californica and M. crenulata will prove useful in assessing the health and physiological responses of these animals both in cultured and natural conditions.
